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uv Photoemission for Rare Gases Implanted in Ge
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The first ultraviolet photoemission spectra of the valence electrons of rare-gas atoms,
implanted by ion bombardment into an amorphous Ge matrix, are presented here. The
positions of the peaks in the observed spectra are shifted relative to gas-phase spectra,
consistent with a final-state screening-energy shift which varies inversely with the ra-
dius of the particular implant, as predicted by a linear-response relaxation model de-

scribed herein.

If photoelectron spectroscopy of the solid state
is to fulfill its promise of providing detailed in-
formation concerning the chemical environment
around constituent atoms, the origin and nature
of the shifts in electron binding energies of free
atoms as they are incorporated into a solid must
be understood.! We report herein the first meas-
urements of uv photoelectron spectra (Av=21.2
eV) for Xe, Kr, Ar, and Ne implanted by ion
bombardment in Ge. We chose these systems be-
cause the chemical bonding interactions between
these neutral implants and the host are small.
Thus the changes between the gas and implant
spectra arise mainly from initial-state electro-
static shifts, final-state extra-atomic relaxation
or screening shifts, and solid-state broadening.’
From a comparison with the gas-phase spectra,
and using a linear-response theory, it is shown
that the major variation in valence-level shifts
can be qualitatively understood as resulting from
the change in screening energy with the size of
the implant atom.

The uv photoemission apparatus has been de-
scribed elsewhere.? However, for the present
study an ion-sputter gun and a low-energy-elec-

-tron-diffraction (LEED)/Auger electron gun were
added for use in sample preparation. Usual ultra-
high vacuum techniques were used to obtain a base
pressure of ~1078 Pa (~107° Torr) or less. An
almost intrinsic, 50-© cm Ge(111) crystal, 7.5
mm square X1 mm thick, was mounted in a sheet
molybdenum holder. The sample was annealed
by resistive heating of the Mo holder. Post-bake-
out cleaning of the Ge sample consisted of alter-
nate sputtering and annealing cycles amounting
to a total of about 9 h of argon-ion bombardment
(5.5 uA at 1 keV) and about 1 h of annealing at
<1000 K.®* Rare-gas ions of 1 keV were implanted
with a typical dose of ~ 10% jions/cm?, which was

found to be sufficient to saturate the UPS spec-
trum of the implant, During the implantation pro-
cedure, the Ge was amorphized (at least within
the depth probed at v =21.2 eV) as evidenced by
the lack of any remaining Ge(111) structure in the
UPS spectra.

The spectra obtained for the series of rare
gases are compared in Fig. 1, where the electron
energy distributions are plotted against energy
below the Fermi energy. The rare gases were
implanted and spectra measured at room temper-
ature. A measurement of the spectrum from the
Mo sample holder was used to locate the Ge
Fermi level. The lowest curve in the figure
shows the complete spectrum for Xe in Ge, where-
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FIG. 1. Photoelectron energy distributions for rare-
gas implants in amorphous Ge. Vertical lines closest
to the spectra indicate measured positions of outer-
shell p 3/, levels for each implant. The upward shifts
relative to the corresponding gas-phase levels are also
indicated.
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as, for clarity, only the ~ 5-eV range about the
structure for the other implants is shown. Dashed
lines below the structure delineate the Ge back-
ground. Compared to the gas phase,* the UPS
spectra for the implant structure is considerably
broadened. Only for Xe are the two spin-orbit—
split states well resolved. A shoulder on the
high-binding-energy side of the Kr spectrum cor-
responds to the 4p,,, level, while the spin-orbit—
split states are not resolved in the Ar and Ne
spectra. It is estimated that, in addition to the
spin-orbit splitting and the instrumental resolu-
tion (~ 0.2 eV), there is an additional broadening
(full width at half-maximum) for the implants
ranging from ~ 0.8 eV for Xe, to ~ 0.3 eV for Ne,
which will be discussed in a forthcoming work.

The vertical lines closest to the photoemission
spectra show the measured peak positions cor-
responding to the outer-shell p,,, electrons of
each implant. Dashed lines connect these to the
positions of the corresponding gas-phase ioniza-
tion potentials.*> The differences between the
gas-phase and implant levels are the binding-en-
ergy shifts designated by AE5? in Table I. AER°
is found to decrease monotonically with the pro-
gression Ne—Xe and in fact varies inversely with
R, the implant radius. Furthermore, since the
size of an atom is a function of its atomic number
Z, this can also be viewed as stating that AER°
depends essentially on the atomic number of the
implant, as Lang and Williams have noted in their
study of chemisorbed systems.®

‘A number of different theoretical methods for
estimating extra-atomic screening-energy shifts
in solids have been developed during the past
decade.®”*® Because of both the physical trans-
parency and ease of utilization, we here estimate
the screening-energy contribution to the valence-
level shifts by employing a linear—dielectric-
response theory.®’!® The validity of a linear re-
sponse, for present applications, has been es-
tablished by Williams and Lang.,Gb The screening

energy, given as the Coulomb attraction between
the hole and induced charge distributions, p (%)
and p;,(r), respectively, is
2

Aszéfds'}’ds’}’lpjn(f,) l_"f-TTpOG)' (1)
In linear response, the Fourier components of
the induced and hole charge are related as p,(q)
= [{Ets(q, 0) - 1}/€ts(q9 O)JPO((E), with €4(q, 0) the
total system dielectric function, to be discussed
shortly. For a spherically symmetric hole charge
distribution, which is the case for the systems
considered here, Eq. (1) can be Fourier trans-
formed to [see Eq. (13) of Ref. 10]

62 ° Ets(qy 0) -1 2
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To go further, the correct dielectric function, or
some approximation to it, is needed.

Lang and Williams® have recently found, through
detailed density-functional calculations of core
hole screening of atoms adsorbed on jellium sur-
faces, that the screening energies and induced
charge are often determined by the properties of
the lowest unfilled atomic orbital of the adsorbate
(or in our case, the implant) and not by those of
the host. The physical origin of this effect, as

appropriate to closed-shell systems of the type
considered in this paper, is the fact that the
screening electrons must be in states that are
orthogonal to the occupied core and valence states
of the adsorbate (or implant). Hence, the screen-
ing charge is located outside the valence shell (al-
though this is far from the case for open-shell
atoms such as transition metals).®® Ideally, this
information would be built into our theory through
the response function of the fofal system (host
plus implant). Short of an exact calculation for
each coupled system, some meaningful procedure
for utilization of the (presumably known) pure
host dielectric function is required. Note that

the orthogonalization (to implant states) proce-

A =

s=

)

TABLE I. Comparison of various calculated and experimental binding-
energy shifts for rare-gas implants in Ge (energies in eV and radii in A).

Implant  AE,"(expt) Rgs Rme A ame a0
Ne 2.4 1.58  1.83 3.98 3.50 4,35
Ar 2.0 1.88  2.26 3,41 2.88 3.85
Kr 1.8 2.00 2,42 3.22 2.70 3.4
Xe 1.6 2.17  2.62 2,99 2.51 3.25

#See Citrin and Hamann, Ref. 1,

584



VOLUME 41, NUMBER 8

PHYSICAL REVIEW LETTERS

21 AucusTt 1978

dure mostly alters the short-wavelength or large-
q portion of the host response function (large is

2 1/R, where R, is some characteristic radius
for the screening charge). In effect, the ortho-
gonalization greatly reduces the large-gq response
since this corresponds to the real-space region,
within the geometrical domain of the implant,
from which the screening electrons have been
excluded. The numerical results of Lang and
Williams® relevant to this study, if submitted to
Fourier decomposition, would consist mainly of
components with ¢ <1/R.. In this region, the sys-
tem dielectric function is expected to be similar
to that of the pure host. A reasonable approxima-
tion which handles the effects just discussed is to
replace the total system dielectric function
€(g, 0) by that of the host, €4(g,0), and intro-
duce an upper cutoff on the g integral,'! ¢ .«
~7/2R,. We are then left with a picture in which l

S 2 eo

A, = %<—L—_1>V2(1—Etan'l[2KsRc< €, >"2]}
m T

1

which contains the physically important functional
relation between the screening energy and the im-
plant size, To first order A, 1/R,. We must
still assign numerical values to R,. Among the
possibilities are half the nearest-neighbor dis-
tance in the corresponding inert gas solid, or a
characteristic radius for the valence electron
orbital of the alkali atom one atomic number
above the corresponding rare gas, as this is a
measure of extent of the screening charge.

The results are presented in Table I. The first
and second columns list the implant species and
experimentally observed binding-energy shifts.
Columns three and four give the approximations
used for R;: Rg,, from the inert gas solid; and
R et, the metallic radii for the alkalis. Screen-
ing or polarization energies calculated from Eq.
(5) for a Ge host using radii in columns three and
four are shown in columns five and six, respec-
tively. The experimental shift consists of two
contributions, a so-called initial-state electro-
static (chemical) shift to higher binding energy,
due to D, the dipole potential barrier at the Ge
surface, which is independent of the implant
species,’® and the “final-state” screening shift
calculated here; that is, AEg%(expt)~A;-D, Us-
ing the calculated values for A 8 and A ™, and
the observed total shift AEg®, dipole barriers
D(gas)=~1,4+ 0.2 eV or D(met)=~0.9%0.15 eV, can
be inferred for the entire set of implants. Fur-

€,-1

some charge distribution p (), totally within a
sphere of radius R;, induces a charge p;(7), to-
tally outside the sphere. From elementary elec-
trostatics, the Coulomb energy, Eq. (1), must
then be independent of the specifics of p,(¥). The
simplest is a delta function at the origin, which
gives p(q) =1. Consequently Eq. (2) reduces to

e [TIRe  [e,lg 0)-1}
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For €4(q,0) we use the g-dependent form of the
Penn dielectric function!? due to Inkson!® and
Restalt;

€,-1
1+aq®’

€4(q,0)=1+ (4)
ird which €,=16, a=(e,~1)/k2, and k,~2 A™1 for
Ge.™ Using Eq. (4) in Eq. (3) and performing the
integration, our final expression for the screen-

ing energy is:
€ -1 ez{: € -1( 7 )2 ]
-— -0 -\ - __Q____. L)
(eo >2Rcl 13¢, \K.R, + , (5)

ther, we note that for the range of plausible R,
values in Table I, the corresponding calculated
values for A track the observed variation in
AEg® Thus, the screening contribution can qual-
itatively account for the change in binding-energy
shift with implant. The major point is that to
within experimental resolution limitations, the
observed shifts are consistent with an interpre-
tation in terms of an implant-independent con-
stant shift D due to the surface dipole plus a
screening shift A; which varies inversely with
implant size. Although the relative contributions
of D and A, differ depending on choice of R, our
interpretation of the total observed shifts are in
accord with either set of values for R.. Finally,
Citrin and Hamann,® using a self-consistent den-
sity-functional method, calculated the core-hole
polarization energies for rare-gas implants in
noble-metal hosts shown in column seven, Al-
though their values were calculated for core ion-
ization and different hosts, the fact that A, varies
inversely with R is the physically significant fea-
ture, and this is contained in each of the theories.

We wish to thank Art Williams, IBM Yorktown
Heights, for constructive comments.
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In the presence of interactions whlch violate both P and T invariance, a ferroelectric
crystal with electrlc polarization P and appreciable nuclear " spin polarization, suspended
in a magnetic field H, will experience a torque of the form PxH. The maximum torque
density in PbTiO3 compatible with existing limits on such interactions is estimated at a

few times 10”6 erg/cm®

. Some obvious “nuisance” effects are estimated and the theoreti-

cal sensitivity of such an experiment discussed.

In view of the current poor understanding of the
mechanism of CP nonconservation in the weak in-
teraction,! it is of considerable interest to search
for effects of the accompanying violation of time-
reversal invariance (7') which is then required by
the CPT theorem. The most obvious manifesta-
tion of such an effect is the existence of an elec-

tric dipole moment (EDM) directed along the total
angular momentum J of a particle, atom or mole-
cule; this requires, of course, simultaneous non-
conservation of P and 7. Apart from experiments
on the free neutron,? the main experiments in this
area®® have searched for a linear Stark effect in

atoms or molecules; originally designed to look
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